Purdue University

Purdue e-Pubs
Open Access Theses

Theses and Dissertations

12-2016

Liquid metal particle popping: Nanoscale to
macroscale
Trevor R. Lear
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Mechanical Engineering Commons, Nanoscience and Nanotechnology Commons,
and the Robotics Commons
Recommended Citation
Lear, Trevor R., "Liquid metal particle popping: Nanoscale to macroscale" (2016). Open Access Theses. 868.
https://docs.lib.purdue.edu/open_access_theses/868

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

Graduate School Form
30 Updated

PURDUE UNIVERSITY
GRADUATE SCHOOL
Thesis/Dissertation Acceptance
This is to certify that the thesis/dissertation prepared
By Trevor Lear
Entitled
LIQUID METAL PARTICLE POPPING: NANOSCALE TO MACROSCALE

For the degree of Master of Science in Mechanical Engineering
Is approved by the final examining committee:
Rebecca K. Kramer
Chair

George T.C. Chiu
Farshid Sadeghi

To the best of my knowledge and as understood by the student in the Thesis/Dissertation
Agreement, Publication Delay, and Certification Disclaimer (Graduate School Form 32),
this thesis/dissertation adheres to the provisions of Purdue University’s “Policy of
Integrity in Research” and the use of copyright material.

Approved by Major Professor(s): Rebecca K. Kramer

Approved by: Jay P. Gore
Head of the Departmental Graduate Program

11/16/2016
Date

LIQUID METAL PARTICLE POPPING: NANOSCALE TO MACROSCALE

A Thesis
Submitted to the Faculty
of
Purdue University
by
Trevor R. Lear

In Partial Fulfillment of the
Requirements for the Degree
of
Master of Science in Mechanical Engineering

December 2016
Purdue University
West Lafayette, Indiana

ii

This is dedicated ”to the crazy ones, the misfits, the rebels, the troublemakers, the
round pegs in the square holes... the ones who see things di↵erently – they’re not
fond of rules... You can quote them, disagree with them, glorify or vilify them, but
the only thing you can’t do is ignore them because they change things... they push
the human race forward, and while some may see them as the crazy ones, we see
genius, because the ones who are crazy enough to think that they can change the
world, are the ones who do.”
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ABSTRACT
Lear, Trevor R. M.S.M.E., Purdue University, December 2016. Liquid Metal Particle
Popping: Nanoscale to Macroscale. Major Professor: Rebecca K. Kramer, School of
Mechanical Engineering.
Liquid metal nanoparticles can be used to produce stretchable electronic devices.
Understanding the mechanical properties of liquid metal nanoparticles is crucial to
optimizing their use in various applications, especially printing of flexible, stretchable electronics. Smaller nanoparticles are desired for high-resolution printing and
compatibility with existing scalable manufacturing methods; however, they contain
less liquid metal and are more difficult to rupture than larger particles, making them
less desirable for post-processing functionality. This study investigates the mechanics
of liquid metal particle rupture as a function of particle size. We employ compression of particle films to characterize the composition of the particle core and derive a
minimum particle size required to achieve sintering and subsequent conductance. We
further derive the force required to rupture a single particle and validate the results
by rupturing individual nanoparticles using atomic force microscopy. In addition, we
relate the liquid metal nanoparticles to isotropically-elastic thin-shell microspheres to
approximate the particle shell sti↵ness. Using the results from this study, spray printing has been used as a scalable process that permits the printing of larger particles
in high resolution patterns. Furthermore, existent sintering methods are developed,
specifically using laser systems, high voltage generators, and exposure to extreme
temperatures. An increased understanding of the behavior of liquid metal nanoparticles during rupture reveals limitations of current manufacturing processes and paves
the way for the next generation of scalable mass-producible soft electronics using
additive manufacturing technologies.
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1. INTRODUCTION
Liquid metals o↵er new opportunities for flexible, stretchable, and shape changing
electrical components [1–10]. E↵ective techniques to process liquid metal have been
demonstrated and include injection into microchannels [1, 3], imprinting [11], masked
deposition [12], and extrusion [13, 14]. Although it is possible to manipulate liquid
metals at submillimeter length scales, these techniques are greatly inhibited by the
spontaneous formation of a thin metal oxide layer on the liquid metal surface in the
presence of oxygen. This metal oxide is the mechanism behind the unique capability
of liquid metals to form free-standing structures [14, 15], but also produces a high
surface tension that makes them incompatible with scalable liquid processing techniques [15, 16], such as printing. In particular, inkjet printing is desirable due to its
capacity to create high resolution patterned devices while remaining a high-yield process. The ability to inkjet print any liquid for a particular application is indicated by
the Ohnesorge number, which relates the viscous forces to inertial and surface tension
forces, and liquid metal has been shown to be outside the range of printability [17].
We have recently demonstrated the ability to inkjet-print liquid metals by dispersing liquid metal nanoparticles in a printable carrier solvent, which allows us to
leverage the carrier solvent properties during processing and the liquid metal properties post-deposition [18]. The liquid metal nanoparticles are electrically insulated
by an oxide shell that may be ruptured via application of pressure to sinter the particles and form an electrical path, referred to here as activation. However, optimal
particle preparation conditions for compatibility with drop-on-demand printing and
functionality post-processing are contrasting: particle size should be minimized for
compatibility with printing to avoid nozzle clogging, while particle size should be
maximized for electrical functionality to increase the ratio between conductive liquid
metal and semi-conductive metal oxide after particle sintering.
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Here, a detailed characterization of the liquid metal nanoparticles and their activation through sintering is described as just one part of liquid metal device manufacturing process. We discuss the transition of the bulk liquid metal to a dispersion
or ”ink”, various deposition methods, activation of liquid metal particles via sintering processes, and the outlook of this work on device creation. After examining the
relationship between ultrasonic exposure, particle size, core composition, and shell
sti↵ness, the electrical response of liquid metal nanoparticle films is evaluated using
compression testing to derive a minimum particle size required to achieve sintering
and subsequent sheet conductance. We further derive the force required to rupture a
single particle as a function of particle size and introduce a composition model for the
liquid metal particle core and corresponding metal oxide shell thickness. These results are validated using an atomic force microscopy (AFM) nanoindentation method,
through which the individual particles are ruptured with an AFM tip. Individual particles are isolated using a fabricated monolayer created using the Langmuir-Schaefer
method [19–21]. This work suggests that at sub-micron scales the repeated formation
of the metal oxide shell around the liquid metal particles may greatly alter the composition of the particle core. The results presented here may improve implementation
of liquid metals into developing deposition technologies that allow for stretchable
devices to be fabricated with high precision.
This study addresses some of the current problems with inkjet printing of liquid
metals by characterizing particles based on size and electrical conductivity and examining the rupture process of a single particle. By using the results found in these
experiments, we formulate liquid metal dispersion that is specifically tailored to scalable and high-yield printing technologies, such as spray printing and inkjet printing.
The inherent relationships between particle formation, core and shell composition,
and conductance after coalescence are expected to enable scalable manufacturing of
liquid metal-based soft electronics.

3

2. BACKGROUND
In recent years, the use of eutectic gallium-indium (EGaIn; 78% Ga and 21.4% In by
mass; 15.5 C melting point) for stretchable electronics has grown in the fabrication
of thin-film electrodes due to high electrical conductivity, low contact-resistance interfaces, low melting temperature, and high surface energy [15,22–24]. Previous work
has demonstrated the use of another liquid metal, mercury (Hg), for the creation of
conformal contacts at room temperature [25, 26]. However, due to its toxicity, it is
not necessarily suitable for use in soft electronics that could potentially be in contact
with humans such as a wearable circuit or actuator. EGaIn is nontoxic, liquid at
room temperature due to its low melting point, and can also be used in conformal
contacts at room temperature [15, 27, 28] Specifically, EGaIn has been used as the
conductive component in various devices discussed by Kramer [29], including hyperelastic pressure sensors [2], wearable tactile devices [9], curvature sensors [8,30], fluidic
antennae [31–33], and soft memresistors [34]. Unfortunately, most current devices
consisting of EGaIn are made one at a time, preventing mass production and limiting
commercial interest in soft electronics produced using these methods.
Traditional methods of patterning liquids at large scales, in particular inkjet printing, have been considered for use with EGaIn. While larger-scale processing of liquid
metals has been explored [11, 13, 35–38], no solutions have boasted the design flexibility and mass production capabilities of inkjet printing. Inkjet printing works by
expelling ink from a nozzle orifice drop-by-drop onto a surface below. By using either
a movable stage or nozzle that moves in two dimensions, inkjet printers can theoretically print any planar design onto a variety of subtrates. There are two primary inkjet
printing technologies, drop-on-demand (DOD) and continuous inkjet (CIJ). By definition, DOD inkjet printing produces drops one at a time and deposits them directly
above their intended location on the substrate, while CIJ continuously produces drops
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and uses a small reservoir to prevent unwanted drops from reaching the surface. Both
methods are common in commercial and household printing applications. However,
due to environmental exposure and resulting EGaIn oxidation in CIJ as the ink is
recycled, we consider DOD inkjet printing here [39]. As an additive process, inkjet
printing is advantageous to many other manufacturing methods that currently exist
for liquid metal processing (direct writing, screen printing, photolithography, etc.)
due a combination of high material yield and reduced manufacturing time. Unlike
subtractive manufacturing processes, only the desired volume of liquid metal is deposited onto a substrate, limiting material waste and improving resolution of printed
devices.
Unfortunately, EGaIn itself is not inkjettable due to the rigidity of the oxide layer
that forms on exposed surfaces [17, 27, 39]. However, as established by Hohman et
al. [16], this problem can be avoided by exposing the EGaIn to ultrasonic waves via
a tip sonicator and suspending the resulting nanoparticles in a non-metallic carrier
solvent. This nanoparticle fabrication process, detailed later on in this report, allows
the desired conductive properties of the liquid metals to remain while creating an ink
composed of smaller particles that is compatible with current inkjet printing technologies. Recent work has demonstrated the e↵ectiveness of this method by inkjet
printing EGaIn nanoparticles (EGaInNPs) onto a nitrile glove [18]. However, functionality was limited as only local activation at high resistances through mechanical
sintering was demonstrated. Unfortunately, due to reduced nozzle diameters of inkjet
printers, small particle size and thin print layers limit the electrical conductivity of
printed devices.
This work is motivated by the need for scalable manufacturing processes for soft
electronic devices. Seeing liquid metal nanoparticles as an enabling component toward
this goal, we seek to answer the question: how small can we make the liquid metal
nanoparticles while maintaining subsequent device functionality? This study answers
this question through nanoparticle characterization, particle rupture optimization,
and implementation into a highly scalable deposition method.

5

3. EXPERIMENTAL WORK
3.1

Liquid Metal Nanoparticle Fabrication
In an approach similar to that of Hohman et al. [16] and revised by Boley et

al. [18], we created stable ethanolic nanoscale liquid metal colloids using sonication,
which induces mechanical separation to form liquid metal nanoparticles due to the
presence of high oscillating shear forces, as shown in Figure 3.1 . The liquid metal
employed in this work is a commercially available eutectic gallium-indium (EGaIn;
78% Ga and 21.4% In by mass; 15.5 C melting point). The shear forces produced
by the tip of the sonicator continuously fracture the particles and the surrounding
oxide layer. Due to exposure to oxygen during the sonication process, gallium oxide continuously forms, fractures, and reforms, which results in decreasing particle
size with increasing sonication time, as can be seen later in this study (4.4). Similar
to the gallium oxide that forms on pure gallium particles [40], the semi-solid oxide
layer is electrically insulating and mechanically stabilizing, which prevents spontaneous particle coalescence [27, 41–43]. After sonication, a broad distribution of particle geometries were observed [44, 45]. Previous experiments have employed thiols
(for example, 3-mercapto-N-nonylpropionamide (1ATC9)) and polyvinylpyrrolidone
(PVP) to achieve geometric and size uniformity, as well as encourage proper suspension [16, 18]. Here, we examine liquid metal nanoparticles with oxide coatings and
thiol coatings to characterize the mechanical and electrical properties of both types
of particles.
All EGaIn nanoparticles were made using a fixed mass (362 ± 5 mg, consistent
with previous experiments [18]) of EGaIn (Sigma Alrich PN 495425) deposited into a
Kimble Chase 3 dram glass vial using a 3 mL BD Syringe and a Nordson 14G needle
(PN 7018043), weighed using a OHAUS Pioneer mass balance. A sequential cleaning
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Figure 3.1.
Ink fabrication/characterization process: (1) Fixed
mass of EGaIn is deposited into a glass vial along with mixture of
ethanol/thiol (dependent on desired concentration). (2) Tip sonicator creates high frequency ultrasonic waves that continually fracture
oxide driving the average particle size down. (3) Indicated by opaque
grey coloring, dispersion is well mixed and suspended. (4) Dispersion
is pipetted onto silicon substrate for further characterization using
scanning electron microscopy (SEM).
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process was completed prior to the addition of materials into the glass vial to prevent
extraneous chemical residue on the vial interior. This consisted of washing and drying
the vial with Liquinox cleaning solution (Alconox PN 1232), distilled water, and
ethanol. Each sample was suspended in the vial by micropipetting (BioPette Plus PN
BPP1000) 4 mL of ethanol (Koptec PN V101). The suspended samples were made
using a QSonica Q700 microtip sonicator (PN 4417) at 30% amplitude at a fixed
distance (1 mm) for various durations, ranging from 30 min to 960 min. Parafilm
was placed over the opening of the vial to prevent entry of foreign objects and to
limit evaporation of solvent. Prior to obtaining samples used for particle or film
characterization, each sample was vigorously re-suspended using a Vortex-Genie 2
shaker (Cole-Parmer PN UX-04724-05) to achieve uniform particle distribution within
the suspension. This process is seen in Figure 3.1.
Additional particle inks included stabilizers to both encourage particle suspension
and uniformity. For these inks, a diluted thiol ethanol solution was added to the
cleaned glass vials containing the fixed mass of EGaIn. The solution was created by
adding a measured mass of 3-mercapto-n-nonylpropionamid thiol (Sigma Aldrich PN
686492) to a volume of ethanol and was stirred vigorously until fully dissolved. Samples were sonicated for 60 min at room temperature before undergoing a di↵erential
centrifugation process to focus e↵orts on a small particle size range. Commonly used
in biomedical applications for cell separation, di↵erential centrifugation uses various
centifugal forces to settle desired particle sizes. The samples can then be filtered
and exposed to forces again to achieve the narrow region of particle sizes. For this
experiment, the samples were first subjected to 6238 relative centrifugal force (RCF)
in a micro centrifuge (Cole-Parmer PN WU-39065-05) for 20 min. The aliquot was
removed and replaced by an equal volume of new ethanol, in which the pellet was
resuspended using a bath sonicator (Branson M1800) and the Vortex-Genie shaker.
The samples were then centrifuged again, but at only 250 RCF. This process was
repeated at this RCF three times in order to achieve particle size purification. Particle sizes after exposure to various speeds are: 250 nm for 2k RPM, 110 nm for 4k
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RPM, 100 nm for 6k RPM. These findings were used during the Langmuir monolayer
creation of EGaInNPs.

3.2

Particle Characterization
Samples were prepared to determine the average particle size using scanning elec-

tron microscopy (SEM). After depositing 50 mL of each onto cleaned (rinsed/dried
with acetone, isopropanol, ethanol, water) silicon wafers (WRS Materials PN 3P0SSP002) using a micropipette (BioPette Plus BPP200), high resolution images were obtained using a SEM (Philips XL-40 FEI, 15 kV, 3 m beam spot size). The images
were then processed using ImageJ (FIJI) through the following procedure: (1) Raw
greyscale SEM images were converted to a binary image (Image > Adjust > Threshold, with a lower cuto↵ of 30 and an upper cuto↵ of 230 and dark background option);
(2) each resulting image was segmented using built in ImageJ watershed function
(Process > Binary > Watershed) [46]; (3) the sizes of all visible particles were calculated using ImageJs particle analysis package (Analyze > Analyze Particles with
size ranging from 10 square pixels to infinity, circularity from 0 to 1, showing the
bare outline of particles); (4) the diameter was computed for each particle based on
a spherical approximation and then averaged for each sample.

3.3

Particle Film Sintering
Sintering experiments on particle films were conducted while measuring the films’

output voltage, an indicator of conductivity, to determine the functional limit of
EGaInNP size. To contain all ink during a compression test, a soft reservoir was
employed. After spin coating polydimethylsiloxane (PDMS - Dow Corning Sylgard
184) with a 10:1 ratio between the base and crosslinking agent at 200 RPM using a spin
coater (Specialty Coating Systems G3-8), copper wires were added to each reservoir.
A second coat of PDMS was applied using the above spin coating process. Using a
desktop laser system (Universal Laser Systems VLS2.30), 2.5 mm holes were cut using
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a laser ablation technique to hold the added dispersion (nanoparticle-containing ink)
later on. The samples were loaded into a single column materials tester (Instron PN
3345) fitted with a 1 kN load cell. The copper leads on the PDMS reservoirs were
connected to a Wheatstone bridge circuit, where the other three resistors in the circuit
were 1000 ⌦ and the voltage supply at 5 V, as shown in Figure 3.2. The advantage
that the Wheatstone Bridge circuit maintains is its ability to output a desired voltage,
even with an unknown resistor. In this case, Rs represents the resistance of the sample,
which is constantly changing as the compressive forces increase. The circuit output
was connected to the materials testing unit so that the built in software package could
measure the external voltage output as a function of both displacement and applied
force. The non-thiolated dispersion was added one drop at a time (50 L in total) via
micropipette (BioPette Plus BPP200) into the reservoir. Samples were compressed
at a steady rate of 1 mm/min three times for each desired test. This setup can be
seen in Figure 3.3a.

Rs
5V

1 kΩ
V

1 kΩ

1 kΩ

Figure 3.2. Wheatstone bridge circuit diagram used for voltage measurement during particle film compression tests. Sample resistance is
Rs .
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(a)

(b)

Figure 3.3. Schematic of film sintering/particle rupture experiments:
(a) Film compression testing of EGaInNPs using a materials tester.
Dispersion is deposited into a PDMS reservoir fitted with copper wires
to measure the resistance during compression. The coalescence of particles is represented in the inset, where particle packing orientation
and density are not always known. (b) Single particle popping of thiolated EGaInNPs using AFM. A monolayer of nanoparticles is created
using Langmuir-Schaefer method and individual particles are popped.

3.4

Particle Core Composition
As discussed in 4.2.2, we noted changes in nanoparticle core composition during

the fabrication process. In order to verify these changes in core-composition as a
function of sonication energy, initially non-conductive samples underwent identical
compression tests using the materials tester; however, these tests were run with a
heated base. A heat tape (McMaster-Carr PN 8009T14) was wrapped around the
steel base of the materials tester and heated the sample via conduction through the
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material. The temperature was elevated using a programmable temperature controller
(McMaster-Carr PN 4314K6) and verified with an attached thermocouple (McMasterCarr PN 37045K192). The temperature of the materials tester base was held constant
at 50 C. After depositing 50 mL of dispersion into the reservoir, the compression test
resumed as described above at a compression rate of 1 mm/min. The phase diagram
used as a reference in this work is shown in Figure 3.4 [28].

Figure 3.4. Phase diagram of eutectic gallium-indium [28].

3.5

Langmuir Monolayers of Liquid Metal Nanoparticles
In pursuance of monolayer films of nanoparticles for accurate particle rupture read-

ings, the Langmuir-Schaefer method was used. Dr. J. William Boley and Seok-Hee
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Hyun performed these experiments, where monolayers of liquid metal nanoparticles
isolated noise in force readings generated by surrounding particles and ensured that
the force reading on the AFM was only based on the particle against the rigid silanized
silicon substrate. A thiolated dispersion of liquid metal nanoparticles was sonicated
for one hour before centrifugation and deposition into a Kibron microtrough (5 cm
x 23 cm). As seen in Figure 3.5, particle size is controlled by di↵erential centrifugation, a process that uses various g-forces to fractionate the particles. By using high
forces and resuspending the precipitate, the unwanted under-sized particles can be
discarded. Likewise, exposure to lower g-forces and keeping the supernatant allows
for the disposal of over-size particles. This method allows us to create monolayers
of particles with minimal size variations. The Langmuir trough is composed of a
pair of automated movable barriers that compress the nanoparticles spread out onto
a water surface [47, 48]. The barriers are controlled using a surface pressure sensor
mounted on the barriers. For each monolayer, a total of 3 µL thiolated dispersion
(concentration of 50 mg/mL) was added to the subphase one drop at a time - approximately 0.6 µL/s using a micropipette (BioPette Plus BPP200). The temperature of
the deionized water (18 M⌦ cm) in the trough was 20 C. Once the ethanol carrier
solvent evaporated, the hydrophobic thiolated liquid metal nanoparticles remained on
the subphase and a reflective dark silver was observed (reflectivity points to smooth
surfaces). The sample was then compressed at 10 mm/min. Using the LangmuirSchaefer method, the newly formed monolayer films were transferred onto a silicon
wafer substrate.
In order to characterize both the particle size and polydispersity of the nanoparticles and the films composed of them, dynamic light scattering (DLS) was employed
using a Malvern Zetasizer Nano ZS at a scattering angle of 173 . SEM imaging was
performed on the films using a NOVA nanoSEM FESEM field-emission with an accelerating voltage of 10 kV. The image characterization process was identical to that
of the Particle Characterization section. AFM height maps were taken of each film
using specifications found in next in the Particle Rupture section.

13

Figure 3.5. Langmuir monolayer fabrication process using three steps:
(1) Particles are sonicated in thiolated ethanol solution where inset
shows thiol (sulfhydryl - SH) coverage around each particle. (2) Differential centrifugation was used to control particle size by exposing
samples to various g-forces. (3) Monolayers were assembled using
movable barriers that push liquid metal nanoparticles on subphase together with SEM image. Figure contributed by Dr. Seok-Hee Hyun.
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3.6

Single Particle Rupture
To observe the rupture behavior of liquid metal nanoparticles and verify trends

seen in film testing, AFM experiments were performed on individual liquid metal
nanoparticles by Dr. J. William Boley and Dr. Seok-Hee Hyun. As mentioned,
the thiolated dispersion was used to create a monolayer using the Langmuir-Schaefer
method where the average particle size was controlled using di↵erential centrifugation
after being sonicated for 60 min. The concentration of the solution was 50 mg/mL and
was added using a positive displacement pipette at 3 µL every 5 seconds. After the
solvent evaporated, the hydrophobic dodecanethiol-stabilized EGaInNPs remained on
the surface before being compressed. The Langmuir-Schaefer method transferred the
EGaInNPs to a silicon wafer substrate (without platinum coating). The temperature
of the deionized water (18 M⌦ cm) in the trough was 20 C. SEM observations were
performed using a NOVA nanoSEM FESEM field emission (FEI) high-resolution microscope using an accelerating voltage of 10 kV. AFM topographic images and forcedistance curves were acquired on a Multimode scanning probe microscope (Veeco,
USA) at ambient conditions. The sharp indentation tip used was a hard-diamondlike-carbon shown in Figure 3.6a. The spring constants of the probe were determined
using the thermal tune method [46] and the forces calibrated as shown in Figure 3.6b.
The force measurements were done using probe HQ NSC 15/Hard/AL BS (MikroMasch) Cantilever with a force constant of 40 N/m, n-type silicon tip (h = 12-18 nm,
r < 20 nm). The substrate surface was reanalyzed after the tip had both come into
contact and been retracted. For the force-distance curve analysis, the sensitivity
and spring constant of the cantilever were kept constant at 41.95 ± 2.96 nm/V and
30.40 ± 0.44 N/m, respectively. Procedures were reviewed for: force-displacement
curve measurement [49–51], properties of nano-sized capsules [52], adhesion force
curve analysis [53], Atomic J software [54], AFM mechanical properties [55], AFM
colloid properties [56], and measurements of rigidity [57]. A schematic of this setup
can be seen in Figure 3.3b.
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(a)

(b)

Figure 3.6. (a) SEM image of AFM probe used as the indenter for
particle rupture. Scale bar represents 5 µm. (b) Force distance curve
of silanized-silicon substrate used for calibration. Figure contributed
by Dr. Seok-Hee Hyun.
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3.7

Dispersion Spray Printing
In order to deposit the dispersion on surfaces to create various liquid metal devices,

several printing techniques were explored. As an alternative to inkjet printing, a
method that has proved difficult for deposition of EGaInNPs larger than 200 nm, an
aerosol spray printer was created to achieve smooth and conductive layers of larger
particles. The spray printer assembly was printed using PLA filament on a Printrbot
Plus and assembled with a plastic nozzle of diameter 2 mm for pressurized air and a
26G BD PrecisionGlide Needle for ink. Dispersion was loaded into a 3 mL syringe and
connected to a Harvard Apparatus PHD — Ultra syringe pump. Ink was extruded at
a constant rate of 2 mm/min before being blown onto the substrate by pressurized air
at 5-20 psi. The substrate was located on a high-precision 3-axis PI stage to achieve
various designs extending past the reach of the conical spray of ink. Various masks
of commercially available painter’s tape were cut using a CO2 laser and attached to
the substrate prior to spraying. For these tests, the resolution of the spray printer is
primarily limited by the precision of the laser-cut mask.
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4. RESULTS AND DISCUSSION
4.1

Nanoparticle Formation and Characterization
To evaluate EGaInNPs’ compatibility with inkjet printing, we needed to fabricate

and test smaller particles than what had been used in previous research. Using identical methods to Boley et al. [18], we produced liquid metal nanoparticles both with
and without thiols with sonication times ranging from 30 minutes to 960 minutes. After deposition of the inks onto silicon wafers, images were taken using SEM to reveal
the average particle size of each set of conditions. These images are shown in Figure
4.1 and Figure 4.2 for both various sonication times and thiol presence. Previous
results indicated the average particle size started to plateau at slightly above 200 nm
for particles without stabilization agents (thiols); however, those studies did not explore sonication times beyond 120 min [18]. As seen in Figures 4.1 and 4.2, samples
sonicated for shorter periods of time (e.g., 30 min, 60 min) display a larger variance
in particle size, with average diameters decreasing with increasing sonication time. It
can also be seen that the presence of thiols in solution aids in the formation of smaller,
more monodisperse particles; the particle size distribution in non-thiolated samples
shown in Figure 4.3a is much greater than that of thiolated samples shown in Figure
4.3b. Samples generated by significantly longer sonication times returned a much
smaller asymptotic average particle size of approximately 50 nm, as Figure 4.4 shows
for thiolated and non-thiolated particles. It may also be noted that the di↵erence in
particle size based on thiol presence decreases with sonication time. While nearly all
observed particles were spherical, previous work has used transmission electron microscopy (TEM) to prove the presence of non-spherical particles and oxide fragments
caused by cavitation of the sonicator [16]. However, for the bulk dispersion testing
done here we assume the e↵ect caused by these phenomena is negligible.
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30 min

60 min

90 min

120 min

240 min

480 min

720 min

960 min

Figure 4.1. SEM images of non-stabilized EGaInNP dispersion for
various sonication times ranging from 30 min to 960 min. Scale bars
shown represent 2 µm.

30 min

60 min

90 min

120 min

240 min

480 min

720 min

960 min

Figure 4.2. SEM images of stabilized (thiol concentration of 3 mM)
EGaInNP dispersion for various sonication times ranging from 30 min
to 960 min. Scale bars shown represent 2 µm.
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(a)

(b)

Figure 4.3. Histogram showing large polydisperse distribution of particle size for 30 min sample and significantly smaller distribution for
960 min sample. (a) Distribution for non-stabilized particles created
without thiols (n = 1000) and (b) distribution for thiolated particles
(n = 1000).

Figure 4.4.
Average particle diameters for thiolated and nonthiolated dispersions as a function of sonication time. Error bars
shown represent one standard deviation.
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4.2

Particle Rupture Experiments

4.2.1

Particle Film Sintering

Particle film compression tests were used to determine the relationship between
mean particle size and the pressure required to sinter the particles. Mechanical sintering of a film of liquid metal particles has been previously studied [18], and here
we extend this work to include both thiolated and non-thiolated particles over a
greater range of sizes. Using a single column materials tester, thin films of liquid
metal nanoparticles were compressed using two parallel plates while simultaneously
measuring the sheet resistance, as shown in Figure 3.3a. The rupture forces of the
particles found using these experiments are represented in Figure 4.6 which compares
the approximate rupture force per particle versus the average particle diameter. Figure 4.5 shows raw data for both the non-thiolated and thiolated particles. The curves
consistently exhibit the following pattern as the particle films are compressed; (1) a
non-conductive state as the flat plate contacts and begins compression of the film,
(2) a jump in voltage that signifies successful sintering of the particle film, (3) a
continued conductive phase as the film is further compressed, and (4) a saturation
state at which compression forces ink out from underneath the plates and breaks the
conductive path. Some noise is visible in the data, particularly during the conductive
phase; we expect this is due to a combination of polydispersion of the particles and
the complex load distributions between particles, both of which may lead to some
particles in the film rupturing before others.
As seen in Figure 4.5 , although the thiolated and non-thiolated particles were sonicated for identical durations, the thiolated particles were smaller and more monodisperse, and therefore required greater forces to achieve conductance. We also note
that data for films comprised of smaller particles (d < 70 nm) are not available, as
those particle films did not become conductive over the range of forces applied. We
believe the lack of conductance for these samples can be attributed to two factors:
(1) a minimum particle diameter at which there is little liquid metal remaining in the
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(a)

(b)

Figure 4.5. Results of film compression testing on (a) non-thiolated
and (b) thiolated nanoparticles. Using a Wheatstone bridge, samples
are conductive at 2.5 V.

Figure 4.6. Particle film compression data for thiolated and nonthiolated particles - average rupture force per particle vs. mean particle diameter. Error bars represent one standard deviation (n = 5).
Linear approximation shown.
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core, and (2) a change in the composition of the particle core, as detailed in the next
section. As expected, although the thiolated and non-thiolated particles were sonicated for identical durations, the less-polydisperse thiolated samples required higher
forces to activate and ultimately did not activate at longer sonication times at all.
The samples sonicated for longer than 12 hrs are assumed to be monodisperse as
they have very little variance in particle size as indicated in Figure 4.4. Using data
from these experiments, a relationship between particle size and the required force for
sintering was developed (Figure 4.6). As detailed in previous work [18], the rupture
force per particle, f , can be calculated using Equation (4.1):

f=

F d2
pD2

(4.1)

where F is the measured activation force for the film, D is the diameter of the
polymethyl methacrylate punch (4.35 ± 0.3 mm), d is the average particle diameter,
and p is the areal packing factor for the particles (assumed to be a constant 0.82 [58]).
The resulting rupture force per particle as a function of particle diameter shows linear
dependence, which agrees with similar studies focused on rupture of the rigid shell
around fluid-filled microcapsules [59, 60]. The smaller variance in particle size for
smaller mean particle diameters is reflected in Figure 4.6, as the error bars decrease
with decreasing particle size. Figure 4.6 also shows that the particle rupture force
for thiolated and non-thiolated particles is similar for small particles and diverges
with increasing particle size. This implies that the mechanical properties of the thiol
coating and the metal-oxide coating converge at small particle sizes (< 100 nm).
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4.2.2

Particle Core Composition

Let us consider a single gallium-indium liquid metal nanoparticle under sonication.
We assume that the initial composition of the nanoparticle is 78.6% Ga and 21.4%
In by mass (determined by the eutectic point of gallium-indium alloy, phase diagram
shown in Figure 3.4), that the mass of the metal is conserved, and that gallium
oxide formation on the surface of the nanoparticle contains no trace indium. As
gallium oxide forms on the surface of the nanoparticle, gallium composition in the
particle core decreases and the core becomes indium-enriched. Figure 4.7a shows
the relationship between particle size, gallium oxide thickness, and the percent of
gallium in the particle core. We note that the gallium-indium phase diagram shows
that a gallium-indium alloy will no longer be liquid at room temperature for gallium
compositions less than 73%. Therefore, our model indicates a threshold at which the
particle core composition will transition from liquid to solid at room temperature. As
noted previously, we were unable to experimentally sinter particles with diameters
less than 70 nm. Inspecting our model at this minimum rupture threshold, we see
that the liquid-solid core transition for 70 nm diameter particles corresponds to an
oxide thickness of approximately 3 nm. Multiple studies have attempted to quantify
the thickness of the gallium oxide shell using X-ray scattering and/or photoelectron
spectroscopy, resulting in a range from ⇡ 0.5 nm to 5 nm [40, 61, 62]. Lin et al. and
Ren et al. recently performed studies using TEM and quantified the oxide thickness of
liquid metal nanoparticles at 3 nm for similarly sized particles [63,64], which supports
the prediction of our model. Our model further predicts that liquid metal particles
with diameters less than 70 nm and an oxide thickness of 3 nm should have solid cores,
which aligns with our previous observation that particle films comprised of small
particles (d < 70 nm) cannot be sintered at room temperature. In addition, based on
the cited 3 nm oxide value found using TEM on EGaInNPs, a relationship comparing
the volume of oxide relative to the volume of conductive EGaIn was developed as
shown in Figure 4.7b. As the particle size decreases with sonication time, the ratio
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of non-conductive oxide to conductive liquid metal increases. At the proposed 70 nm
minimum for particle size, the volume of non-conductive oxide takes up more than
40% of the particle.

(a)

(b)

Figure 4.7. (a) Model relating particle size, gallium oxide thickness,
and percent gallium composition in the particle core. Blue region represents particles with liquid cores (which may be ruptured), pink region represents particles with solid cores (which cannot be ruptured).
Equation of approximate phase transition line is D = 20.0072t where
D is the particle diameter (nm) and t is the oxide shell thickness (nm).
(b) Representation of predicted composition of EGaInNPs based on
volumetric ratio of oxide and EGaIn relative to particle diameter.

We validated our model via compression experiments using particles that were
approximately 55 nm in diameter, which is less than the predicted 70 nm threshold that the model suggests will produce solid-core particles under these fabrication
conditions. We compressed (sintered) particle films in a materials tester at ambient
temperature, where the particle core is predicted to be solid, and an elevated temperature above the melting point of the solid gallium-indium alloy core. For the elevated
temperature tests, the particle films were deposited onto a plate heated to 50 C and
allowed to sit for approximately 10 minutes to allow the temperature of the films to
stabilize. The films were then compressed using the same parameters as the original
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film compression tests. As visible in Figure 4.8, heated particle films were successfully
sintered by applying between ⇡ 300-350 N of force, whereas particle films at ambient
temperatures continued to record no electrical response. This result is consistent with
our hypothesis that long sonication times result in small and solid-core particles that
cannot be ruptured in ambient conditions.

Figure 4.8. Results of film compression testing of ⇠ 55 nm particles,
activation only achieved for samples heated during compression.

4.2.3

Langmuir Monolayers of Liquid Metal Nanoparticles

Further study of the rupture process of liquid metal nanoparticles required monolayers in order to isolate individual particles. Using the Langmuir-Schaefer deposition
method, monolayer films of liquid metal nanoparticles were fabricated and briefly
characterized prior to single particle rupture testing. Both the Langmuir-Schaefer
and Langmuir-Blodgett techniques have been used to fabricate monolayer films of
amphiphilic or hydrophobic materials, including graphene [65], nanoparticles [66, 67],
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and polymers [68–70], at the air-water interface with controllable patterning. In this
study, a Langmuir trough for the assembly of hydrophobic nanoparticle films provided an efficient means of creating these high-density monolayers needed for single
particle rupture analysis. When supported by an aqueous subphase, hydrophobic
nanoparticles remain highly mobile in the absence of any strong attraction to the
supporting medium, resulting in low probability of solvent partitioning. The nanoparticles are confined to the air-water interface and are slowly compressed into closely
packed monolayers as the movable barriers on both ends of the trough approach each
other. However, transferring the monolayer to a solid substrate without compromising
structural integrity has proved a difficult challenge, as many imaged samples show evidence of tearing and folding [47] and thus, longer-chain capping ligands can be used.
These ligands behave more like solids under ambient conditions, hindering penetration/bonding of an additional ligand [47]. Thus, the robustness of these structures
provides reason for their use in situations requiring planes of nanoparticles [47].
Obtaining highly conductive films of nanoparticles requires the films to be densely
packed. To achieve this, each film underwent three compression cycles until reaching the collapsing surface pressure (as seen by the sharp change in surface pressure
in Figure 4.9). Iterative compression-expansion cycling (CEC) of the mix and 2k
(d ⇡ 250 nm) films showed an increase in the required compression to achieve collapse whereas the films of 4k (d ⇡ 110 nm) and 6k (d ⇡ 100 nm) particles were
hardly a↵ected by additional cycles. It is believed that the cause of this di↵erence is
particle size and polydispersity within the sample. Based on the poor compression
reproducibility for CEC with the mix and 2k films relative to the 4k and 6k samples,
thin films generated using a single barrier compression up to a surface pressure of
30 mN/m were tested for overall surface coverage. Using the same image processing employed during particle characterization, it was found that coverage increased
with increased centrifugation: coverage for the mix was 85%, 2k was 88%, 4k was
92%, and 6k was 95%. For optimal monolayers, it’s advantageous for the particle
samples to be monodisperse; therefore, there is essentially only a single way for the
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(a)

(b)

(c)

(d)

Figure 4.9. Surface pressure isotherms representing three compression and expansion cycles of films comprised of (a) EGaInNP uncentrifuged sample, (b) EGaInNP-2k centrifugation, (c) EGaInNP-4k
centrifugation, (d) EGaInNP-6k centrifugation. This figure was contributed by Dr. J. William Boley and Dr. Seok-Hee Hyun.
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particles to arrange upon compression. As seen in Figure 4.9, repeated compression
had a reduced e↵ect on optimal packing and one cycle proved to be enough for the
4k and 6k samples. Tests with varied maximum surface pressures were performed
with a 4k sample as it previously demonstrated good substrate coverage. Surface
coverage significantly improved from 72% at 10 mN/m to 92% at 40 mN/m. Atomic
force microscopy (AFM) was used to interrogate surface morphology of samples produced using the Langmuir-Schaefer method. The topography revealed the presence
of densely packed EGaInNPs; however, films of nanoparticles on the silicon wafers are
composed of di↵erent heights (roughness average of 48.6 nm for 2k sample with average particle size of 250 ± 112 nm) and will require further work in order to achieve
defect-free liquid metal monodisperse monolayer films. For this study, where only
single particles are ruptured at a time, these monolayer films of EGaInNPs are more
than sufficient. The monolayer films used in the following experiments were created
by Dr. Seok-Hee Hyun.

4.2.4

Single Particle Rupture

In order to validate the rupture force per particle as derived from the bulk particle film compression data, we sought to conduct rupture experiments on individual
nanoparticles using atomic force microscopy (AFM). To isolate single particles, we
first created a monolayer of nanoparticles using the Langmuir-Schaefer method, as
seen in Figure 4.10a [19–21,71]. Similar experiments have shown that AFM compression of microcapsule monolayers does not di↵er from compression of isolated microcapsules [72]. Because uniform particle size and geometry are desired to produce a
monolayer, thiolated particles were used to encourage monodispersion [16]. All particles were sonicated for the same duration and underwent di↵erential centrifugation
to eliminate extreme variation in particle size, aiding in the formation of a relatively
uniform particle monolayer. Figure 4.10b shows AFM height and phase maps that
confirm the popping of an individual liquid metal nanoparticle, which was further
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verified using SEM, a technique that has previously been used to identify the rupture
of filled particles [73, 74].
A single particle rupture experiment, as performed by Dr. J. William Boley and
Dr. Seok-Hee Hyun, is shown in Figures 4.10d-e and comprises of the following sequence: (1) The AFM tip (⇡ 5 nm at the thickest point) is lowered until contact is
made with the particle shell. (2) Variation in force can be seen in the early regions of
contact before the particle shell fractures, which is consistent with previous AFM indentation experiments on hard-shelled fluid-filled capsules that have shown buckling,
bulging, and dimpling of the outer shell as the localized pressure increases [64,75–77].
(3) The tip completely penetrates through the shell, at which point the particles are
assumed to be ruptured. (4) Following penetration, complete fracture of the shell
occurs, allowing liquid to flow out. (5) Finally, as the liquid flows from the fractured
particle shell, contact with ambient oxygen causes an oxide to form, fracture, and reform under the AFM tip, as indicated by the force oscillations shown in Figure 4.10d.
We note that this single particle rupture process includes both the compressive and
adhesive force as the AFM returns to its original vertical position. The adhesion
forces as the AFM tip retracts are minimal compared to the bulk mechanical loading
and, therefore, were not included in the following analysis [78].
The single particle rupture data was used to verify measurements made on bulk
particle films. Figure 4.11 shows the measured force per particle with respect to
particle diameter. Primary sources of error come from the AFM force data that are
subject to the local failure properties of the shell and imperfect centering of the tip
contact at the poles of each particle [79]. Due to the di↵erential centrifugation process
used to isolate ranges of particle sizes for preparation of the monolayer, particles of less
than 100 nm in diameter or larger than 500 nm were not tested. However, the AFM
data further supports our claim that the trend is linear by nature and also validates
the assumptions of the macroscale model, as seen by comparing the rupture force
magnitude in Figures 4.6 and 4.11. We believe that the slight di↵erence of the slopes
between the film sintering experiments and the single particle rupture experiments,
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Figure 4.10. Schematics of the AFM single particle rupture experiment. (a) Self-assembled monolayer of liquid metal nanoparticles using Langmuir-Schaefer method. (b) AFM Z map (top), AFM phase
map (middle), and SEM images (bottom) of particles before (left) and
after (right) rupture. Images on the right show that the particle shell
is visibly broken and liquid metal has spilled out. Scale bars are 100
nm in length. (c) Cross-section of a single liquid metal nanoparticle
before and after particle rupture. (d) Force-displacement curve represents single popping test. Numbers correspond to process in (e).
(e) Schematic showing particle popping sequence as described in text.
These experiments were performed by Dr. J William Boley and Dr.
Seok-Hee Hyun.
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as shown in Figure 4.12, can be attributed to the di↵erence in tip geometry and
thus, the surface area in contact with the plate or tip [79–81]. When rupture occurs
during compression between parallel plates, the contact area is much larger than
with a sharp tip, where the contact area on the particle is only a small fraction of
the total surface area [18, 79]. Due to the di↵erential centrifugation process used
to isolate ranges of particle sizes for preparation of the monolayer, particles of less
than 100 nm in diameter or larger than 500 nm were not tested. Thus, this AFM
data simply serves to support our claim that the trend is linear by nature. In fact,
the linear trend correlating increasing force per particle for decreasing particle size
agrees with similar studies focused on rupture of the rigid shell around fluid-filled
microcapsules [59, 60].

Figure 4.11. Single particle rupture data - measured rupture force
vs. particle diameter. Confidence band around data represents one
standard deviation based on overall data set. Linear approximation
shown.
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Figure 4.12. Comparison of best fit lines of film and particle rupture
data. The slopes shown include non-thiolated film rupture, thiolated
film rupture, and thiolated particle rupture. It may be noted that
due to monolayer requirements for the AFM testing, non-thiolated
particle rupture is not shown.
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4.2.5

Particle Shell Characterization

The individual particle rupture experiments were further used to derive the sti↵ness of the particle shells. The particles can be considered as isotropically-elastic
thin-shell microspheres as long as: (1) the ratio of shell thickness to radius is smaller
than 0.05, (2) the applied load is point-like, and (3) the load is exerted at the poles
of the particle. The popping experiments completed here fulfill the former two conditions and partially fulfill the third, as shown by the centered application of force on
the particle in Figure 4.10c [77, 82]. The force-distance curve involves the bending of
two springs in series, the cantilever and the EGaInNPs; therefore, a calibration forcedistance curve of the cantilever deflection on a solid wafer substrate was recorded and
plotted as a function of piezo extension (Figure 3.6b). The deformation, , of the
nanoparticles can be calculated from Equation (4.2) [83, 84]:

= |z

z0 |

(D

D0 )

(4.2)

where z denotes the piezo extension, z0 is the piezo extension at which tip contact
occurs with the nanoparticles, D is the deflection of the cantilever, and D0 is the
deflection of the cantilever at which tip contact occurs. Using the now-calibrated
EGaIn force-distance curves, the force is shown as a function of the indentation depth
into the EGaInNPs in Figure 4.10c. Meeting the previously mentioned requirements,
the linear slope between steps 2 and 3 in Figure 4.10d yields the sti↵ness of the
nanoparticles, shown in Equation (4.3):

k=

F

(4.3)

where k is the sti↵ness of the particle shell, F is the measured rupture force for a
particle, and is the displacement of the AFM tip. A plot of resulting sti↵ness for all
particles ruptured can be seen in Figure 4.13. The average shell sti↵ness of all liquid
metal particle tested was 16.04 ± 4.03 N/m, which is comparable to the sti↵ness of
harder foams and softer polymers (E ⇡ 0.4 GPa). Based on these findings, we conclude
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Figure 4.13. Particle shell sti↵ness using AFM single particle rupture
test for all AFM particle rupture tests. Dotted line represents overall
average.

that there is no correlation between the size of thiolated particles and sti↵ness of the
thiol shell. However, the derived thiol shell sti↵ness is useful for both approximating
the sti↵ness of metal oxide shells for small particle diameters (< 100 nm, as shown
in Figure 4.6), as well as identifying our ability to rupture the particles on various
substrates. Throughout our experiments, we have qualitatively noted that it is easier
to rupture the liquid metal nanoparticles on sti↵er substrates, while rupture is often
not achievable on very soft substrates. We suspect that this observation is directly
correlated to the sti↵ness of the particle shell relative to the sti↵ness of the substrate.
For maximally flexible electronics printed on soft elastomers, larger, oxide-coated
particles will minimize the e↵ect of sti↵ness of the particle shell and enable rupture
compatibility with soft substrates.
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4.3

Spray Printing of Liquid Metal Nanoparticles
Given that larger liquid metal nanoparticles rupture more easily and are thus

more compatible with many softer substrates, we sought a di↵erent but equally scalable printing approach (relative to inkjet printing) that would be more compatible
with larger particle sizes. Here, the results obtained from nanoparticle fabrication
and characterization were implemented into a spray printing application. Similar to
aerosol sprayers, a simple device was constructed using a Printrbot Simple 3D printer
using 1.75 mm PLA filament as shown as a digital mockup in Figure 4.14a and as the
true prototype in Figure 4.14b. This design combined two valves at an intersection
point which serves as the origin of the deposition. As Figure 4.14c illustrates, the
spray printer is oriented such that there is an inlet on the side for EGaInNP dispersion
(ink) to flow through and a nozzle that directs a flow of pressurized air just above
the dispersion orifice. As a syringe pump pushes the ink out at a continuous rate,
the air (at a pressure of 5-20 psi depending on the EGaIn particle size being used)
pushes it down onto a substrate below. We believe that the carrier solvent evaporates from around the particles during this transition from the nozzle orifice to the
substrate surface, allowing them to maintain position once deposited. While higher
air pressures will dry the particles quicker, a higher relative ink extrusion rate aids in
the prevention of nozzle clogging as it takes longer for particles to accumulate on the
end of the nozzle and dry. The current setup includes a stationary spray printer and
a multi-directional stage below on which the substrate is located. Current aerosol
printers are not compatible with our EGaIn inks as the required particle size is much
smaller and, in our case, too small to create activatable devices.
Using high resolution masks cut out using a carbon dioxide (CO2 ) laser on blue
painter’s tape, various designs can be spray printed. Figure 4.15 shows several designs
printed using this setup, including Purdue Faboratory logos as well as the logo of this
year’s Super Bowl Champions, the Denver Broncos. Compared to previous work with
inkjet printing technology, spray printing allows for the printing of much larger par-
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(a)

(b)

(c)

Figure 4.14. Spray printer head in various states: (a) Digital 3D
mockup of printhead design. (b) Final prototype of printhead. (c)
Spray printer in use. Ink flows in tube to left of image, air inlet comes
into top of printhead, ink is forced down onto substrate, located out
of frame below on moveable stage. Design courtesy of Edward White.
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ticles, even those in excess of several microns. Due to compatibility with increased
particle sizes, spray printed devices are easier to activate, more robust due to sufficient thickness after printing, and easier to manufacture as the required nanoparticle
fabrication time based on current processes is shortened. Immediate evaporation of
solvent, often before the particles come into contact with the substrate, allows the
spray printed layers to be very smooth. By removing evaporative flow e↵ects seen in
drop-casting deposition, the printed layers are of consistent thickness, a requirement
for ensuring equivalent resistance in high-precision stretchable electronics. As the ink
is continuously sprayed onto the surface, ink deposited onto the mask itself is not
usable, making this is a more wasteful process compared to existing drop-on-demand
inkjet technology and thus not as feasible for roll-to-roll processing Fortunately, diluted hydrochloric acid (HCl - 1 M) partially solves the ink waste problem by recovering sprayed EGaIn dispersion. The HCl etches away the oxide shell surrounding the
nanoparticles and the leftover nanospheres recoalesce, forming larger spheres that can
be recycled for future ink production [85]. Current work involves exploring the implementation of a roll-to-roll spray printer device that passes used masks through an
acid bath to recover the ink before making another pass. While this process has not
been optimized to the level demonstrated by inkjet printing methods, spray printing
is a proven instrument for creating patterned thin films of liquid metal nanoparticles
for use as stretchable electronic devices.
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Figure 4.15. Various designs obtained by spray printing di↵erent
dispersions onto glass slides, using US 1 cent coin for scale, from
left to right: Purdue Faboratory logo, Purdue Faboratory written
with both single mask (top) and multiple mask (bottom), logo of
Denver Broncos, Super Bowl 50 champions, and logo of New England
Patriots.
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5. FUTURE WORK AND CONCLUSIONS
5.1

Future Work

5.1.1

Printability Application

As this work is focused on the characterization of liquid metal nanoparticles, next
steps involve application of this knowledge to printing applications beyond what has
been demonstrated. Inkjet printing, as we know it in color printers, jets particles
from a small nozzle onto a given position on a substrate below. Current inkjet printers are based on drop-on-demand methods which prevent extensive material waste,
most commonly by thermal or piezoelectric methods [86]. Inkjet printing has been
used in a wide range applications, from electrical circuits and transistors to biomaterials [86,87]. Recent work has shown that flexible electronic devices can be fabricated
using piezoelectric-based inkjet printing, a high-yield drop-on-demand printing process that is compatible with larger scale manufacturing [18]. However, successful
deposition and activation of these particles requires maintaining a difficult balance of
particle size. Particles must be small enough to fit through a given orifice without unwanted aggregation and resulting nozzle clogging but they must also be large enough
(as demonstrated in this study) to be compatible with existing sintering methods and
thus, capable of producing conductive devices. While Boley et al. successfully demonstrated deposition of EGaInNP films using thermal drop-on-demand inkjet printing,
the activation was incomplete, with only small portions of the printed layer showing
a conductive response. We believe that both the small particle sizes used and limited
dispersion thicknesses given inkjet printed technology contributed to weak electrical
properties of the printed layer. Eventual complete implementation into printing applications is part of the motivation for this characterization. Looking forward, these
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limitations must be considered as inkjet printing technology continues to grow and
expand across a variety of applications.

5.1.2

Additional Sintering Methods

Laser Sintering: As mentioned earlier, few sintering methods for liquid metal
nanoparticle films have been characterized. While mechanical compression is the
primary method demonstrated here, current work is focused on exploring the e↵ects
of laser sintering on thin films of liquid metal nanoparticles. Using both focused ion
beam (FIB) and high-energy laser technology, SEM images have revealed coalesced
particles on these films, an indicator of electrical functionality. Handheld probes
connected to a multimeter verified the conductivity of these samples. While a full
characterization of this work, centered around variation in laser power and stage speed
for di↵erent dispersion conditions, is in progress, Figure 5.1 shows the coalesced e↵ect
of the laser on the film. It is hypothesized that the laser beam ablates away the oxide
shell that covers the particles, allowing the contained conductive liquid metal to spill
out and coalesce.

Figure 5.1. Demonstration of laser sintering of EGaInNP film. Main
image: two parallel laser passes can be seen on the surface. Scale
bar represents 1 mm. Inset: particle coalescense after laser exposure.
Scale bar represents 2 µm.
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Due to improved precision and compatibility with large-scale manufacturing systems like roll-to-roll, laser sintering is considered an improvement over current mechanical sintering methods. Higher resolution will allow for the fabrication of smaller
and more complex electronics. The improved processing time and adjustable spot
size that come with laser sintering make printing of liquid metals even more feasible.
However, unlike mechanical compression of films, we believe laser sintering does not
activate all particles in a film which could make electrical consistency among samples
more difficult.
High Voltage Sintering: Exposing deposited EGaInNPs to high voltage of
approximately 30 kV has also been shown to sinter films. Shown below in Figure
5.2, the voltage arc between a conductive coin and a drop-casted layer of EGaInNP
dispersion (sonicated for 10 min) can be seen as a set of bright purple lines.

Figure 5.2. Demonstration of high voltage sintering of EGaInNP film.

Located in the top left corner of the image, a handheld high voltage generator
sends a voltage to the conductive coin. The current flows through the coin and then
jumps via the ionization of air from the edge of the coin to the edge of the dried
EGaIn dispersion once it senses the conductive potential. This current flows through
the EGaIn and is once again dispersed via the ionization of air at the far right once
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the highly charged area encounters a weak voltage field. While initial measurements
of the resistance of the film were small at less than 5 ⌦, its conductivity decayed over
time during continuous exposure to the high voltage. This e↵ect can be seen by the
degrading lower left corner of the deposited dispersion film, as shown in Figure 5.2.

5.2

Conclusions
In this study, we have extended previous characterization of liquid metal nanopar-

ticles based on exposure to ultrasonication, specifically to achieve particle diameters
between 650 nm and 50 nm. The electrical response of thiolated and non-thiolated
particle films was evaluated via mechanical compression between parallel plates,
demonstrating an activation force at which sintering may be achieved as well as a
relationship showing that required activation force increases linearly with particle
size. This experiment determined that the minimum particle size that will rupture in
ambient conditions is approximately 70 nm, due to a core composition phase change.
The rupture of individual particles using AFM was studied, supporting the linear
relationship between rupture force and particle size. In addition, we have proposed a
mechanism for activating particles that have been sonicated for very long durations
by heating the samples enough to return the particle core to its conductive liquid
phase. We have derived the relationships between particle formation, core composition, shell sti↵ness, and conductance after rupture and coalescence. We expect these
relationships to contribute to future scalable manufacturing of liquid metal-based soft
electronics. In order to implement this work, spray printing was used as a scalable
high resolution printing method. Future rupture studies focused on evaluating the
relationship between dispersion thickness and electrical properties of films under compression would be helpful to expanding current knowledge about manufacturability
of printed electronic devices. Further research into other sintering methods including heat exposure and laser ablation will be helpful as we move toward the mass
manufacturing of stretchable, wearable, sensor, and actuator technologies.
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